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ABSTRACT 
A r e l a t i v e l y  new research  t o o l  has been brought t o  bear  on 
a r e l a t i v e l y  o l d  problem. 
junc t ion  with X-ray d i f f r a c t i o n  techniques w e r e  used t o  s tudy 
t h e  phenomenon of s t a i n l e s s  steel s e n s i t i z a t i o n .  
MEssbauer e f f e c t  spectroscopy i n  con- 
A ferromagnet ic  phase,  thought t o  be pseudomartensi te ,  has  
been found t o  e x i s t  i n  s ens i t i zed  Type 301. Stresses generated 
i n  t h e  ma t r ix  by morphology changes of t h e  p r e c i p i t a t e d  c a r b i d e s  
i s  deemed r e s p o n s i b l e  f o r  t h e  c r e a t i o n  of t h i s  phase. N o  such 
phase was d e t e c t e d  i n  t he  Type 304L. 
It was confirmed t h a t  t h e  p r e c i p i t a t e d  ca rb ides  w e r e  of t h e  
Furthermore, it was e s t a b l i s h e d  t h a t  complex t y p e  ( C r  , Fe) 
t h e s e  c a r b i d e s  a r e  paramagnetic. I n  t h e  presence of  a u s t e n i t e ,  
t h e  MEssbauer peak f o r  t h e  ca rb ides  is overshadowed. 
23'6. 
I n  s i n g l e  phase m a t e r i a l s  g r a i n  s i z e  has  no e f f e c t  on t h e  
Mgssbauer spectrum. 
a r e  unaf fec ted  by g r a i n  s i z e ,  b u t  q u a n t i t a t i v e  eva lua t ions  a r e  
inf luenced .  
I n  multi-phase m a t e r i a l s  t h e  peak l o c a t i o n s  
iii 
INTRODUCTION 
The problem of s e n s i t i z a t i o n  of a u s t e n i t i c  s t a i n l e s s  steels 
has  commanded t h e  a t t e n t i o n  and e f f o r t s  of many i n v e s t i g a t o r s  
over t h e  p a s t  f o r t y  years .  
s t u d i e s  a r e  more than somewhat cont rad ic tory .  Chromium impover- 
ishment i n  a r e a s  immediately ad jacent  t o  g r a i n  boundaries  i n  
these steels i s  t h e  most g e n e r a l l y  accepted theory  t o  exp la in  t h e  
s e n s i t i z a t i o n  of t h e s e  metals .  Such impoverishment supposedly 
r e s u l t s  from t h e  p r e c i p i t a t i o n  of (Cr ,Fe )  C ca rb ides ,  when t h e  
metal  i s  subjec ted  t o  temperatures  wi th in  t h e  range 9 0 @ t o  1500OF. 
T h i s  impoverishment t h u s  renders  the m a t e r i a l  h igh ly  s u s c e p t i b l e  
t o  i n t e r g r a n u l a r  cor ros ion  i n  t h e  presence of some c o r r o s i v e  
media. O r i g i n a l l y  suggested by S t r auss  e t  a 1  (l), i n  1930, da t a  
from many subsequent  i n v e s t i g a t i o n s  have tended t o  confirm t h i s  
explana t ion .  There a r e  many o t h e r s ,  however, who have tended t o  
d i s a g r e e  and have i n  t u r n  proposed o t h e r  mechanisms. A very 
b r i e f  review of t h e  l i t e r a t u r e  i s ,  t h e r e f o r e ,  deemed necessary 
t o  p r e s e n t  some of t h e s e  c o n f l i c t i n g  arguments. 
The publ ished r e s u l t s  of t h e s e  many 
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The numbers i n  parentheses  p e r t a i n  t o  r e fe rences  appended 
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t o  t h i s  paper .  
Survey of t h e  L i t e r a t u r e  
Two independent s t u d i e s  have o f f e r e d  evidence which suggest  
t h a t  d i f f u s i o n  of atomic spec ie ,  due t o  ca rb ide  p r e c i p i t a t i o n ,  
i s  minimal. C a r r o l l  and Hopkinson ( 2 ) ,  using an e l e c t r o n  probe 
ana lyzer ,  found no evidence of chromium dep le t ion  i n  s e n s i t i z e d  
Type 310 s tee l  i n  r eg ions  ad jacen t  t o  g r a i n  boundaries .  I t  was 
observed, however, t h a t  t h e  chromium content  of t h e  c a r b i d e s  
increased with increased  s e n s i t i z i n g  t i m e  y e t  s t i l l  exh ib i t ed  
low cor ros ion  r e s i s t a n c e .  Bruk and Nyrkovskaya (3)  determined 
wi th  i so topes  t h a t  carbon concent ra t ion  a t  g r a i n  boundaries  even  
a f t e r  hea t ing  6 hours  a t  60O0c was extremely small .  
The ques t ion  of t h e  s o l u t i o n  p o t e n t i a l  of ca rb ides  has  
received much a t t e n t i o n .  Houdremont and Tofante  (4)  have postu- 
l a t e d  t h a t  when Type 430 s t a i n l e s s  s teel  becomes s e n s i t i z e d ,  
p r e c i p i t a t i o n  of i ron  ca rb ides  from a u s t e n i t e  a t  f e r r i t e  bounda- 
ries has  occurred.  Upon hea t ing  t o  1450°F t h e  i r o n  ca rb ide  
and immunity t o  
23'6' 
changes t o  a chromium c a r b i d e ,  probably C r  
i n t e rg ranu la r  a t t a c k  i s  r e s t o r e d .  
Kinzel and h i s  co-workers (5)  found t h e  s o l u t i o n  p o t e n t i a l  
of the  ca rb ides  t o  be not  less than  t h a t  of go ld  when i n  t h e  form 
Cr23C6- 
e x i s t  according t o  Bendure e t  a 1  23'6 
Carbides o t h e r  t han  C r  
(6) , though t h e  p r i n c i p a l  c a r b i d e  t o  be found i s  (Cr,Fe)  23C6. 
The i r  ana lyses  i n d i c a t e  a r a t i o  of 80 pct.chromium t o  20 p c t . i r o n  
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i s  t h e  most l i k e l y  combination. S i g n i f i c a n t  a l s o  was t h e i r  
suggest ion t h a t  severe s u s c e p t i b i l i t y  can occur when only  small  
amounts of  ca rb ides  have p r e c i p i t a t e d .  This  l e d  t o  t h e  observa- 
t i o n  t h a t  t h e  d i f f e r e n c e  i n  r e s i s t a n c e  t o  i n t e r g r a n u l a r  co r ros ion  
between Type 302 and Type 304L cannot be explained on t h e  b a s i s  
of t h e  amount of p r e c i p i t a t e  a lone .  
Of l a t e ,  t h e  hypothes is  suggested by Payson (7 )  has  been 
viewed wi th  inc reas ing  i n t e r e s t .  He concluded t h a t  t h e  s i z e  and 
d i s t r i b u t i o n  of t h e  p r e c i p i t a t e s  were t h e  most important f a c t o r s  
t o  be considered a s  causing s e n s i t i z a t i o n ,  r e g a r d l e s s  of t h e  
n a t u r e  of t h e  p r e c i p i t a t e s .  Support f o r  t h i s  idea has  come from 
Kinzel  (5)  , Mahla and Nielsen (8) , S t i c k l e r  and Vinckier ( 9 ) .  
From t h e  r e s u l t s  of a c l a s s i c  e l e c t r o n  microscope s tudy ,  
Mahla and N i e l s e n  (8) concluded t h a t  ca rb ides  form i n i t i a l l y  a s  
two-dimensional d e n d r i t e s  o r  f l akes .  Continuing time a t  tempera- 
t u r e  r e s u l t s  i n  changes i n  t h e  shape and d i s t r i b u t i o n  of t h e  
p a r t i c l e s .  I t  was suggested t h a t  the  changes followed t h e  pro- 
g re s s ion :  small  carb ide  f l a k e s  and d e n d r i t e s  + l a r g e  d e n d r i t e s  + 
d e n d r i t i c  f ragmentat ion 4 geometr ical  p a r t i c l e s .  No c o r r e l a t i o n  
was found t o  e x i s t ,  however, between ca rb ide  form a lone  and r a t e  
of a t t a c k  by mo3. 
I n  a more r ecen t  s tudy S t i c k l e r  and Vinckier (9)  observed 
t h a t  c o r r o s i v e  a t t a c k  i s  caused b y  a p o t e n t i a l  d i f f e r e n c e  between 
t h e  c a r b i d e s  and t h e  less noble matrix.  Moreover, maximum e tch ing  
3 
occurs  when specimens have been subjec ted  t o  temperatures  towards 
t h e  upper l i m i t  of t h e  s e n s i t i z a t i o n  range (1350O t o  1 5 O O O F ) .  
Addi t iona l ly ,  t h e  morphology of t h e  ca rb ides  i s  s t rong ly  tempera- 
t u r e  dependent. Sheet-type ca rb ides ,  u sua l ly  formed a t  lower 
temperatures ,  provide a continuous pa th  f o r  t h e  e lec t rochemica l  
corroding process  which can r e s u l t  i n  t h e  complete d i s i n t e g r a t i o n  
of t he  m a t e r i a l .  F i n a l l y ,  t h e  " regenera t ion  s t age"  of a s ens i -  
t i z e d  specimen, caused by holding f o r  very long pe r iods  of t i m e  
i n  t h e  s e n s i t i z a t i o n  range,  i s  reached when t h e  sheet- type car -  
b i d e s  s e p a r a t e  i n t o  t h i c k  geometr ica l  p a r t i c l e s .  This  l a s t  ob- 
s e rva t ion  i s ,  of course ,  a t  odds with t h e  chromium-depletion 
theory.  That theory sugges ts  t h a t  chromium w i l l  d i f f u s e  i n t o  
t h e  prev ious ly  deple ted  a r e a s  r e s t o r i n g  t h e  chromium con ten t  t o  
above t h e  c r i t i c a l  1 2  p c t .  needed f o r  p r o t e c t i o n .  
The occurrence of phases o t h e r  than a u s t e n i t e  and c a r b i d e s  
a f t e r  s e n s i t i z a t i o n  has  been r epor t ed .  S u b s t a n t i a t i n g  somewhat 
t h e  chromium-depletion theo ry ,  Aborn and Bain (10) found by  
magnetic measurements t h a t  f e r r i t e  p r e c i p i t a t i o n  followed c a r b i d e  
p r e c i p i t a t i o n .  Becket (11) s t a t e s  t h a t  f e r r i t e  p r e c i p i t a t e s  
f i r s t  and i s  followed by c a r b i d e  p r e c i p i t a t i o n .  
Not so says D u l i s  and Smith ( 1 2 )  who determined t h a t  f e r r i t e  
i s  indeed p resen t  b u t  t h a t  it forms dur ing  cool ing  from t h e  sen-  
s i t i z i n g  temperature range and n o t  b e f o r e .  Alloy d e p l e t i o n  i .e .  
lower chromium and carbon con ten t  i n  t h e  a r e a s  ad jacen t  t o  c a r b i d e  
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p a r t i c l e s  is  suggested a s  t he  reason f o r  t h i s  r e a c t i o n .  E a r l i e r  
work by Buehl e t  a 1  (13) a l s o  ind ica ted  t h a t  f e r r i t e  forms dur ing  
cool ing b u t  l a t t i c e  s t r a i n s  around the  p r e c i p i t a t e s  was thought ' t o  be the  reason f o r  t h i s  occurrence. 
I 
The suggest ion t h a t  l a t t i c e  s t r a i n s  a r e  t h e  cause of suscep- 
I t i b i l i t y  has  been supported by Lula e t  a 1  (14) .  They proposed 
t h a t  on r a p i d  cool ing  a ca rb ide  or n i t r i d e  i s  p r e c i p i t a t e d  i n  t h e  
g r a i n  boundary causing excess ive  s t r a i n  i n  t h e  ma te r i a l .  The 
stressed m a t e r i a l  then becomes t h e  anode during co r ros ive  a t t a c k .  
From a s tudy eva lua t ing  t h e  inf luence  of n i c k e l  on i n t e r -  
g ranu la r  co r ros ion  of 18 p c t .  chromium s t e e l s ,  upp e t  a 1  (15) 
found t h a t  a l l  specimens, r ega rd le s s  of whether t hey  w e r e  f e r r i t i c  
o r  a u s t e n i t i c ,  when water quenched from 1400°F, d i d  not  e x h i b i t  
s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  a t t a c k .  
I t  h a s  a l s o  been argued t h a t  some form of mar t ens i t e  may be 
t h e  phase r e spons ib l e  f o r  loss of  cor ros ion  r e s i s t a n c e .  That t h e  
Ms temperature  i s  r a i s e d  when carb ide  p r e c i p i t a t i o n  occurs ,  has  
been shown by (6) and (16) among o the r s .  Kramer and Baldwin (17)  
have noted  though t h a t  t h e  amount of mar t ens i t e  formed fol lowing 
s e n s i t i z a t i o n  cannot account f o r  t h e  b r i t t l e n e s s  found i n  aus t en i -  
t i c  steels.  They found t h a t  t h e  amount of mar t ens i t e  i n  s e n s i t i z e d  
Type 304 ELC was less than i n  annealed specimens of t h e  same 
m a t e r i a l  when t e n s i l e  tes ted under t h e  same condi t ions .  
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Cold-working o r  deformation, it i s  acknowledged, does pro- 
duce some t ransformat ion  product of a u s t e n i t e .  Furthermore, it 
has  been shown by Buhr e t  a 1  (18) t h a t  t h e  phase i s  ferromagnet ic .  
The suggestion is  made t h a t  t h e  ferromagnet ic  phase i s  composed 
of t w o  c o n s t i t u e n t s  which a r e  probably a complex ca rb ide  and a- 
i r o n .  P r i v a t e  communications between t h e  w r i t e r  and s e v e r a l  
prominent i n v e s t i g a t o r s  i n  t h i s  f i e l d  (19) ( 2 0 )  ( 2 1 )  f a i l e d  t o  
d i s c l o s e  any r e fe rences  which i n d i c a t e  t h e  ca rb ides  t o  be f e r r o -  
magnetic. 
I t  i s  acknowledged he re  t h a t  t h i s  l i t e r a t u r e  survey is  not  
complete and such was not  intended.  Unquestionably information 
p e r t i n e n t  t o  t h i s  s tudy has  been overlooked d u e  t o  t h e  cons ider -  
a b l e  amount of publ ished da ta .  The desired purpose of t h i s  brief 
survey w a s  t o  i l l u s t r a t e  t h a t  a d e f i n i t e  need f o r  f u r t h e r  re- 
search i n  t h i s  a r ea  e x i s t s .  The p r e s e n t  s t u d y  was undertaken f o r  
t h i s  reason. 
Scope of P r e s e n t  I n v e s t i g a t i o n  
I n  an e f f o r t  t o  shed n e w  l i g h t  on t h i s  r a t h e r  complex problem 
of s e n s i t i z a t i o n ,  t h e  w r i t e r  and h i s  co-workers undertook t h e  
present  s tudy  armed with a r e l a t i v e l y  new re sea rch  t o o l ,  Msssbauer 
e f f e c t  spectroscopy. 
t h i s  new a n a l y t i c a l  t o o l  has  d i s c l o s e d  what may be some very 
Supplemented by X-ray d i f f r a c t i o n  t echn iques ,  
s i g n i f i c a n t  information.  F o i l s  of Types 301 and 304L s t a i n l e s s  
6 
steels  have been s t u d i e d  i n  a w i d e  range of hea t - t r ea t ed  condi- 
t i o n s .  The r e s u l t s  have been most g r a t i f y i n g .  So much so t h a t  
t h e  i n v e s t i g a t i o n  is  cont inuing  and f o i l s  of Types 310, 410 and 
430 w i l l  nex t  be considered.  Addi t iona l ly ,  work i s  being done 
on t h e  sigma phase. 
Comments - on MUssbauer Ef fec t  Spectroscopy 
A comprehensive r e v i e w  of t h e  theory of t h e  Msssbauer e f f e c t  
i s  unwarranted here .  In te res ted  r eade r s  a r e  r e f e r r e d  t o  a t e x t  
by Wertheim ( 2 2 ) .  Appl ica t ions  of t h i s  technique,  p a r t i c u l a r l y  
I 
where i r o n  a l l o y s  a r e  concerned, w i l l  however be c i t e d .  
~ Johnson e t  a 1  (23) w e r e  among t h e  f i r s t  t o  s tudy t h e  Mass- 
bauer e f f e c t  i n  i r o n  a l l o y s .  Thei r  work demonstrated t h a t  t h e  
technique  has  t h e  a b i l i t y  t o  d i s t i n g u i s h  between d i s s i m i l a r  
magnetic atoms a s  i n  two i r o n  si tes Fe A 1  and Fe S i .  3 3 
Two modif ica t ions  of cementi te  w e r e  i n v e s t i g a t e d  by Niedzwiedz 
(24) .  The Mijssbauer s p e c t r a  revealed t h a t  bo th  a ferromagnet ic  
and a paramagnetic cemen t i t e  e x i s t .  
S t a i n l e s s  steels have been inves t iga t ed  b y  Kocher (25) and 
by Marcus e t  a1 (26) .  Thei r  f i nd ings  w i l l  be d iscussed  l a t e r  i n  
t h i s  paper .  
I n  t h e  above s t u d i e s  a s  i n  t h e  p re sen t  i n v e s t i g a t i o n ,  t r a n s -  
mission techniques  involving t h e  use of f o i l s  o r  powders w e r e  
employed. That t h e  technique can be used f o r  bulk samples, has  
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now been demonstrated by Ter re l l  e t  a 1  (27). Very d e f i n i t e l y  a 
tremendous step forward h a s  been taken  towards t h e  w i d e r  use  of 
t h i s  powerful a n a l y t i c a l  too l .  I n  t h e  f i e l d  of  non-destruct ive 
t e s t i n g  numerous a p p l i c a t i o n s  quick ly  come t o  mind. 
Mater ia ls  and Experimental Procedure 
A s  mentioned ea r l i e r ,  f o i l s  of Types 301 and 304L s t a i n l e s s  
steels have been s tudied .  These f o i l s  w e r e  approximately 0.001- 
inch  i n  th i ckness  and w e r e  rece ived  i n  t h e  "ful ly-hard" cond i t ion .  
The chemistry and hardness  va lues  of t h e s e  m a t e r i a l s  a r e  given 
i n  Table I .  
t h e  same f o r  each type  of f o i l  used and, t h e r e f o r e ,  a gene ra l i zed  
o u t l i n e  should s u f f i c e .  
The experimental  procedures  followed were e s s e n t i a l l y  
TABLE I 
Composition and Hardness of F o i l s  
Type c C r  N i  Mn S i  P S MO Rc(AR)* R c ( A ) * *  
301 0.10  16.81 7.55 1.04 0.44 0.027 0.014 0.27 45 25 
304L 0.03 19.26 10.58 1.66 0.70 0.017 0.024 0.17 38 23 
*As-received-value furn ished  by s u p p l i e r  
**Annealed-value furn ished  by s u p p l i e r  
F i r s t ,  X-ray d i f f r a c t i o n  p a t t e r n s ,  u s ing  f i l t e r e d  chromium 
r a d i a t i o n ,  and Mossbauer spectra w e r e  ob ta ined  f o r  t h e  as - rece ived  
ma te r i a l .  Next, some 30 specimens of each t y p e  of f o i l  w e r e  
a 
encapsulated i n  argon-purged, vycor tubing.  These specimens w e r e  
then  subjec ted  t o  t h e  var ious  following h e a t  t rea tments :  
1. Annealed a t  1900'F f o r  per iods  of 1, 2 ,  18$, and 48 
hours  followed by a water quench. 
Annealed a t  190O0F for 1 and 24 hour pe r iods  then allowed 
t o  furnace coo l  t o  ambient. 
Annealed a t  1900'F f o r  1 hour, water quenched and then 
s e n s i t i z e d  for :  
2 .  
3. 
( a )  $ hour a t  1200'F 
(b) 3 hours  a t  1200'F 
( c )  15 hours  a t  1200°F 
(d) 24 hours  a t  1200'F 
(e) 1 hour a t  1350'F 
( f )  2 hours  a t  1 3 5 0 ' ~  
(9) 3 hours  a t  135O0F 
(h) 4 hours  a t  1350'F 
(i) 10 hours  a t  13500F 
( j )  24 hours a t  1350'F 
4. As-received and hea ted  t o  1550'F f o r  6 and 1 2  days. 
5. Annealed a t  1 9 0 0 ' ~  f o r  48 hours,  w a t e r  quenched, re- 
hea ted  t o  1350'F f o r  24 hours and, by changing furnaces ,  
t h e  temperature  quick ly  increased t o  1550'F and he ld  a t  
t h i s  temperature  f o r  8 days. 
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Massbauer a n a l y s i s ,  X-ray d i f f r a c t i o n  procedures ,  and i n  
s o m e  i n s t ances ,  metal lographic  examinations w e r e  c a r r i e d  o u t  on 
each group of specimens. 
Resu l t s  - and Discussion 
T h e  Massbauer s p e c t r a  and X-ray d i f f r a c t i o n  p a t t e r n s  f o r  t h e  
as-received Type 301 f o i l  both revea led  t h e  presence of a phase 
o t h e r  than a u s t e n i t e .  Two v e r y  broad peaks loca ted  a t  28 = 68.6' 
and 155.0' on t h e  d i f f r a c t i o n  p a t t e r n  c l e a r l y  ind ica t ed  t h e  pre- 
sence of a h ighly  stressed phase. Thie lsch  ( 2 8 )  r e f e r s  t o  t h i s  
phase a s  pseudomartensite and t h a t  it i s  s t r u c t u r a l l y  s i m i l a r  t o  
a - f e r r i t e .  Par r  and Hanson (29) s t a t e  t h a t  Type 301 i s  r e a d i l y  
hardened by cold-working. Kocher (25) d i d  not  f i n d  t h e  above t o  
be t r u e  and repor ted  no magnetic s p l i t t i n g  on t h e  Mossbauer 
spectrum. The w r i t e r  and h i s  co-workers d i d  f i n d  t h a t  magnetic 
s p l i t t i n g  occurred and t h i s  i n d i c a t e d  t h e  presence of a f e r r o -  
magnetic phase . 
A f t e r  anneal ing a t  1900'F f o r  1 hour ,  followed by a water  
quench, t h e  peaks on both  t h e  x-ray d i f f r a c t i o n  p a t t e r n  and Mass- 
bauer spectrum, a t t r i b u t e d  t o  t h e  fe r romagnet ic  phase,  d i sappeared .  
Only those  peaks c h a r a c t e r i s t i c  of  a u s t e n i t e  remained. AS i s  
shown i n  Table I t h e  hardness  decreased  from Rc45 t o  'Rc25. 
The specimens which w e r e  annealed f o r  2, 18$ and 48 hours  
and then quenched were nex t  s t u d i e d .  A s  was expected,  t h e  
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i n t e n s i t y  of t h e  peaks recorded on the  d i f f r a c t i o n  c h a r t s  de- 
c reased  due t o  an inc rease  i n  g r a i n  s i z e .  The Mdssbauer spec t r a  
I w e r e  v i r t u a l l y  unchanged. T h i s  does not  imply t h a t  Massbauer 
I 
1 spectroscopy i s  unaf fec ted  by g r a i n  s i z e .  A s  w i l l  l a t e r  be 
shown, when t h e  m a t e r i a l  con ta ins  more than one phase,  quan t i t a -  
t i v e  r e s u l t s  a r e  a f f e c t e d  by g r a i n  s i z e .  
~ 
Consider now t h e  specimens which had been annealed,  quenched, 
and re-heated t o  1200'F. A f t e r  hour, and 3 hours ,  t h e  Mass- 
bauer spec t r a  d i d  n o t  i n d i c a t e  t h e  presence of a ferromagnet ic  
phase. However, a f t e r  1 5  hours  a t  1200°F, a ferromagnet ic  phase 
I was de tec t ed .  The s p e c t r a  f o r  t h e  specimens h e l d  f o r  24 hours  
a t  1200'F showed t h e  amount of t h e  ferromagnet ic  phase had 
increased .  
For t h e  specimens h e l d  a t  135OoF f o r  varying t i m e s ,  t h e  X- 
r a y  d i f f r a c t i o n  p a t t e r n s  showed t h a t  on ly  a u s t e n i t e  was being 
detected i n  t h e  specimens he ld  for  1, 2 ,  3, and 4 hours.  Af te r  
10 hours  t h e  ex i s t ence  of a second phase was c l e a r l y  e v i d e n t .  
A s  was t h e  case  f o r  t h e  specimens held f o r  24 hours a t  1200°F, 
t h e  amount of t h e  second phase increased with increased  t i m e  a t  
temperature .  S i g n i f i c a n t l y ,  t h e  loca t ions  of t h e  peaks,  indica-  
t i v e  of t h e  second phase,  were a t  the  same Bragg angle  a s  w e r e  
t h e  second phase peaks i n  t h e  as-received m a t e r i a l .  The presence 
of t h e  second phase was revealed by Massbauer spectroscopy i n  t h e  
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specimen he ld  f o r  4 hours  a t  1350OF. Furthermore, t h e  spectrum 
indica ted  t h a t  t h i s  second phase was ferromagnetic.  
There i s  no ques t ion  t h a t  ca rb ides  p r e c i p i t a t e d  i n  t h e  speci-  
mens held f o r  only s h o r t  pe r iods  of t i m e  a t  1200O and 1350OF. 
Metallographic examinations confirmed t h e i r  presence.  
There i s  a ready explanat ion a s  t o  why X-ray d i f f r a c t i o n  d i d  
n o t  i nd ica t e  t h e i r  ex is tence .  To o b t a i n  d i f f r a c t i o n  p a t t e r n s  f o r  
t hese  ca rb ides ,  it i s  g e n e r a l l y  agreed t h a t  t o  produce t h e  neces- 
s a r y  i n t e n s i t i e s ,  t h e  ca rb ides  mus t  be e x t r a c t e d  from t h e  mat r ix  
and concentrated.  
The ques t ion  now poses  i t s e l f ,  why weren ' t  t h e i r  presence 
E i t h e r  t h e  ca rb ides  a r e  para- noted on t h e  MGssbauer spec t ra?  
magnetic and t h e  peak i s  masked by t h e  a u s t e n i t e  peak o r  t h e  
carb ides  i n i t i a l l y  con ta in  no i r o n  atoms. The l i t e r a t u r e  s t r o n g l y  
i n s i s t s  t h a t  t h e  c a r b i d e s  a r e  of a complex n a t u r e  [ ( C r , F e )  
(6)(8). Thus, t o  confirm t h i s ,  c a r b i d e s  w e r e  e x t r a c t e d  from 
s e n s i t i z e d  Type 309 s t a i n l e s s  s tee l  by t h e  methanol-bromine 
method and subjec ted  t o  Mzssbauer a n a l y s i s .  The spectrum indi -  
ca t ed  t h e  m a t e r i a l  t o  be paramagnetic and t h e  peak t o  be s l i g h t l y  
s h i f t e d  from t h e  l o c a t i o n  of  t h e  a u s t e n i t e  peak. Marcus e t  a 1  
(26) have shown t h a t  t h e  presence of a paramagnetic Cr-rich pre- 
c i p i t a t e  can be determined by Mossbauer spectroscopy.  Further-  
more, t h e  r e s i d u e s  were analyzed wi th  a Guin ier  powder camera and 
C 3 23 6 
12 
t h e  r e s u l t s  showed t h e  m a t e r i a l  was indeed a complex ca rb ide  of 
t h e  (Cr,Fe) C type.  
2 3  6 
I t  is  much more d i f f i c u l t  t o  explain t h e  appearance of a 
ferromagnet ic  phase a f t e r  longer holding t i m e s  i n  t h e  s e n s i t i z i n g  
temperature  range. I t  i s  he re  suggested t h a t  t h e  phase is pseudo- 
mar t ens i t e  which is c r e a t e d  by s t r e s s e s  genera ted  i n  t h e  matr ix  
immediately surrounding t h e  carb ides  a s  t h e  morphology of t h e  
ca rb ides  changes wi th  t i m e .  J u s t i f i c a t i o n  f o r  t h i s  suggest ion 
i s  based on t h e  f a c t  t h a t  t h e  Mbssbauer s p e c t r a  of t h e  s e n s i t i z e d  
specimens he ld  f o r  t h e  longer per iods  of t i m e  w e r e  i d e n t i c a l ,  
except  f o r  q u a n t i t y ,  t o  those  obtained on t h e  as-received m a t e r i a l .  
Addi t iona l  support  i s  given by t h e  x-ray d i f f r a c t i o n  p a t t e r n s .  
Moreover, it i s  g e n e r a l l y  known t h a t  prolonged hea t ing  [ 40  t o  50 
days] (30) i n  t h e  s e n s i t i z i n g  temperature range w i l l  r e s t o r e  
immunity t o  i n t e r g r a n u l a r  a t t a c k .  I t  i s  be l i eved  b.y t h e  w r i t e r  
t h a t  t h e  prolonged hea t ing  i s  i n  effect  a s t r e s s - r e l i e v i n g  opera- 
t i o n .  A s  has  been shown by Mahla and N i e l s e n  (8) and, S t i c k l e r  
and Vinckier  (9) t h e  morphology of t h e  ca rb ides  cont inues  t o  
change wi th  t i m e  a t  temperature.  The shapes assumed tend toward 
t h e  geometr ic  c o n f i g u r a t i o n  with the  lowest surface-volume r a t i o .  
When t h i s  happens t h e  formation of pseudomartensite ceases ,  
stresses a r e  r e l i e v e d  and a revers ion  of t h e  pseudomartensite t o  
a u s t e n i t e  occurs .  Unfortunately,  t h e  above s ta tements  do 
account  f o r  t h e  f a c t  t h a t  severe s u s c e p t i b i l i t y  can occur 
not  
when 
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only small  amounts of ca rb ides  have p r e c i p i t a t e d  a s  has  been 
noted by Bendure e t  a 1  ( 6 ) .  
The Mbssbauer s p e c t r a  f o r  t h e  specimens allowed t o  furnace  
cool  were i d e n t i c a l  t o  those  spec t r a  obtained f o r  t h e  specimens 
which had been annealed, quenched and re-heated t o  1350OF f o r  
4 hours. Metal lographic  examination revea led  t h e  mic ros t ruc tu res  
t o  be e s s e n t i a l l y  t h e  same i n  both cases .  Mahla and Nielsen (8) 
found t h a t  en te r ing  t h e  s e n s i t i z i n g  range from above r e s u l t s  i n  
less severe  s e n s i t i z a t i o n  than when e n t e r i n g  from below. It  was 
observed by S t i c k l e r  and Vinckier  (9) t h a t  maximum e tch ing  occurs  
when t h e  m a t e r i a l  is sub jec t ed  t o  temperatures  towards t h e  upper 
l i m i t  of t h e  s e n s i t i z a t i o n  range (1350O t o  1500OF). I n  checking 
t h e  cool ing r a t e  of t h e  furnace ,  it was found t h a t  t h e  cool ing  
r a t e  was an exponent ia l  func t ion  and 3 hours  w e r e  r e q u i r e d  t o  
coo l  from 1500° t o  900'F. There i s  no ques t ion  t h a t  t h e  specimens 
were a t  t h e  higher  temperatures  f o r  s h o r t e r  pe r iods  of t ime than  
a t  t h e  lower temperatures .  The s i g n i f i c a n c e  of t h e s e  r e s u l t s  i s  
n o t  c l e a r l y  understood. 
I t  was noted e a r l i e r  t h a t  when t h e  m a t e r i a l  i s  multi-phase,  
g r a i n  s i z e  can a f f e c t  Mossbauer s p e c t r a .  
specimens, annealed for 1 hour a t  1900°F, e x h i b i t e d  an ASTM #7 
g r a i n  s i z e ,  whereas an ASTM #2 g r a i n  s i z e  was found i n  t he  spec i -  
mens annealed f o r  24 hours  and then  fu rnace  cooled.  The Massbauer 
The furnace  cooled 
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spec t r a  f o r  t h e  specimens wi th  t h e  smaller g r a i n  s i z e  showed 
t h e s e  specimens contained t h e  l a r g e r  amount of t h e  ferromagnet ic  
phase. 
For t h e  as-received specimens he ld  f o r  6 and 12 days a t  
1550°F, M8ssbauer and x-ray spectroscopy revea led  only  a u s t e n i t e  
t o  be p resen t .  This  seems t o  suggest t h a t ,  f o r  t h i n  s e c t i o n s  of 
t h i s  m a t e r i a l ,  1550'F i s  above t h e  s e n s i t i z i n g  range and t h e  
pseudomartensi te  found i n  t h e  as-received condi t ion  r e v e r t e d  t o  
a u s t e n i t e .  On t h e  o t h e r  hand t h e  specimens annealed f o r  48 hours  
a t  1900°F, quenched, re-heated to  1350'F and he ld  f o r  24 hours ,  
and then  t h e  temperature  quickly r a i s e d  t o  1550'F and he ld  f o r  
8 days produced r e s u l t s  i n  d i r e c t  c o n t r a s t  t o  t h e  above. For 
t h e s e  specimens, n o t  on ly  was t h e  ferromagnet ic  phase s t i l l  pre- 
s e n t ,  b u t  was p r e s e n t  i n  a much g r e a t e r  amount than  t h e  samples 
he ld  a t  1350OF for  24 hours. This anomalous behavior cannot be 
expla ined  a t  t h i s  t i m e  and subsequent s tudy i s  planned t o  t r y  
t o  f i n d  an  explana t ion .  
Turning now t o  t h e  r e s u l t s  ob ta ined  on t h e  Type 304L f o i l s ,  
it w a s  found t h a t  on ly  a u s t e n i t e  was d e t e c t e d  i n  a l l  t h e  specimens 
t e s t e d .  Even t h e  as-received, fu l ly-hard  specimens revea led  no 
fe r romagnet ic  phase, though d i s t o r t i o n  of t h e  a u s t e n i t e  peaks was 
observed. i t  i s  suspected t h a t  the m a t e r i a l  was no t  rece ived  i n  
the  "ful ly-hard" condi t ion .  Some degree of cold-working had been 
c a r r i e d  o u t ,  b u t  n o t  enough t o  form s i g n i f i c a n t  q u a n t i t i t e s  of 
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pseudomartensite. I t  is  known ( 2 9 )  t h a t  when t h e  carbon content  
i s  lowered t o  reduce s u s c e p t i b i l i t y  t o  s e n s i t i z a t i o n  a reduct ion  
i n  the  s u s c e p t i b i l i t y  t o  work-hardening a l s o  occurs.  
I t  was not  unexpected t h a t  only a u s t e n i t e  was found i n  t h e  
remaining specimens. I n  t h e  absence of carb ide  p r e c i p i t a t i o n ,  
no pseudomartensite w i l l  f o r m .  Emphasis i s  t h u s  added t o  t h e  
suggestion t h a t  one of t h e  p r i n c i p a l  f a c t o r s  causing s e n s i t i z a -  
t i o n  is t h e  occurrence of a s t r e s s -c rea t ed  ferromagnet ic  phase 
r e s u l t i n g  from carb ide  p r e c i p i t a t i o n .  
Conclusions 
In  summary then ,  it may be concluded t h a t :  
1. Mossbauer spectroscopy w i l l  be found most u s e f u l  i n  t h e  
study of t h e  s e n s i t i z a t i o n  phenomenon a s  w e l l  a s  o t h e r  
r eac t ions  i n  s t a i n l e s s  steels.  
2.  I t  i s  suggested t h a t  s e n s i t i z a t i o n  can be f o r  t h e  m o s t  p a r t  
a t t r i b u t e d  t o  t h e  appearance of a h igh ly  stressed ferro- 
magnetic phase caused by morphology changes i n  p r e c i p i t a t e d  
carbides .  
3 .  The  p r e c i p i t a t e d  ca rb ides  a r e  of a complex n a t u r e  and a r e  
paramagnetic. 
4 .  Grain s i z e  assumes importance i n  Mossbauer spectroscopy only 
i n  multi-phase m a t e r i a l s ,  and then  only  a s  t o  t h e  amount of 
the  phases p re sen t .  
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